Introduction
[2] The western United States is on the margin of the North American plate and is a region that has complicated and active tectonics. The Juan de Fuca plate, the Pacific plate, and the North American plate meet in this region and form the Mendocino triple junction just offshore northern California (Figure 1) . North of the triple junction, the Juan de Fuca plate is subducting beneath the North American plate from the northwest. South of the triple junction is the strike-slip San Andreas Fault, the plate boundary between the Pacific and North American plates.
[3] The Juan de Fuca plate is a remnant of the much larger Farallon plate. Around 30 Ma, when the ridge separating the Farallon and Pacific plates reached the North American plate, the Farallon plate was then split into two major subplates, separated by the San Andreas Fault. The Juan de Fuca plate is the central part of the northern subplate with the Explorer plate to its north and the Gorda plate to its south [Severinghaus and Atwater, 1990] . Here we refer to all three subplates as the Juan de Fuca plate. The maximum compressive stress observed for the Juan de Fuca plate is along N-S direction in the southernmost region and in a NE-SW to E-W direction off Oregon, which are primarily a result of the right lateral shear motion of the Pacific and North America plates [Wang et al., 1997] . Due to its proximity to the Juan de Fuca Ridge to the west, the Juan de Fuca plate being subducted is young, ∼10 Ma old [Severinghaus and Atwater, 1990] , and is expected to have positive S velocity anomalies of ∼2% to 4% at depths greater than 400 km [Xue and Allen, 2007] . In previous studies, the Juan de Fuca slab was imaged to depths of ∼300 to 400 km beneath Washington but was absent in the mantle east of the Cascades beneath Oregon [e.g., Michaelson and Weaver, 1986; Rasmussen and Humphreys, 1988; Harris et al., 1991; Bostock et al., 2002] . A recent seismic traveltime tomographic model using the same methodology as this study but focused in Oregon imaged the Juan de Fuca slab dipping ∼50°E to a depth of ∼400 km in the mantle east of the Cascades beneath Oregon but no deeper [Xue and Allen, 2007] . The slab imaged above represents the currently actively subducting remnant of the Farallon plate. It was broken off from the deeper part, the 1 previously flat Farallon subduction, deepening the dip angle. The break might be caused by collision of the subducted Farallon plate along the edge of the craton ∼1,000 km inland [Sigloch et al., 2008] . The extreme flattening of the Farallon subduction has been proposed as a possible cause of the Laramide compression [Dickinson and Snyder, 1978; Tikoff and Maxson, 2001] .
[4] Besides the Juan de Fuca subduction system, many other complicated geologic features are also observed in the western United States. The most prominent features are the voluminous volcanism that initiated around 16Ma to 17Ma: the Yellowstone hot spot track, the Columbia River Basalts, and the Newberry hot spot track (Figure 1 ). The Yellowstone hot spot track is associated with northeastward migration of silicic volcanism along the eastern Snake River Plain ending at the Yellowstone caldera [e.g., Pierce and Morgan, 1992; Smith and Braile, 1994] (Figure 1 ). The Columbia River basalts extend throughout eastern Oregon, eastern Washington, and western Idaho, and are a series of flows with ages primarily 17-14 Ma [e.g., Christiansen et al., 2002] . The Newberry hot spot track, along the Oregon High Lava Plains, consists of a sequence of volcanic rhyolitic domes showing a monotonic age progression from ∼17 Ma trending northwest ending at the Newberry caldera where ages are younger than [Humphreys and Dueker, 1994b] [Christiansen et al., 2002] . Age contours of initial rhyolitic volcanism along the Newberry track are shown as thick red lines in 1 Ma increments extending to the Newberry caldera [Jordan et al., 2004] . Major rhyolitic caldera centers along the Yellowstone track are shown as red circles with age in Ma extending to the Yellowstone caldera [Pierce and Morgan, 1992] . Both the Newberry and Yellowstone tracks initiate in the region of the McDermitt caldera, which is shown as a red circle. Plate motions from HS3-NUVEL 1A are shown as black arrows [Gripp and Gordon, 2002] . 0.01 Ma (Figure 1) [Jordan, 2005] . Both the Newberry and Yellowstone tracks initiated from a region near the McDermitt caldera around ∼17 Ma.
[5] The formation of the Yellowstone hot spot track has been proposed to be a mantle plume impacting the North American lithosphere around 17 Ma. This plume hypothesis is supported by the following observations [Waite et al., 2006] : (1) the well-defined track of progressively older silicic volcanism in the direction of plate motion; (2) a parabolic pattern of high topography and seismicity distribution [Anders et al., 1989; Pierce and Morgan, 1992; Smith and Braile, 1994] ; (3) a 10 to 12 m positive geoid anomaly with a 500 km radius centered at Yellowstone [Smith and Braile, 1994] ; and (4) high 3 He/ 4 He ratios up to 16 Ra at Yellowstone from 3 Ra immediately outside the caldera [Fournier, 1989, and references therein] , where Ra is the atmospheric value of 1.38 × 10 −6 ; (5) high heat flow averaging more than 1700 mW/m2 was observed within the youngest 0.64 Ma and 3000 km 2 caldera [Blackwell, 1969] . These observations of the parabolic topography, high heat flow, and the elevated He 3 /He 4 ratio are predicted characteristics of deep mantle plumes [Sleep, 1990; Hill et al., 1992; Ribe and Christensen, 1994] . High ratios of 3 He/ 4 He (>10 Ra) are generally taken as indicators of lower mantle components [e.g., Craig et al., 1978] based on a standard model, where upper mantle is depleted, degassed, and homogenized, while lower mantle is little degassed or undegassed and contains much more 3 He than the upper mantle (D. L. Anderson et al., Helium: Fundamental models, 2006, www.MantlePlumes.org) . However, processes have also been proposed to explain the presence of high 3 He/ 4 He ratios in the upper mantle [Anderson, 1998 ]. Clear evidence for the presence or absence of an upwelling conduit through the lower mantle beneath Yellowstone remains elusive and the debate continues as to whether a mantle plume is the origin [e.g., Humphreys et al., 2000; Yuan and Dueker, 2005; Waite et al., 2006] .
[6] As a large igneous province with an estimated volume of 174,300 km 3 [Chesley and Ruiz, 1998 ], the source of the Columbia River Basalts (CRB) is still under debate. Some studies have attributed the source of CRB to the Yellowstone deep mantle plume [e.g., Geist and Richards, 1993; Pierce et al., 2000b] or a plume-triggered delamination [Camp and Hanan, 2008] . However, an alternative causal mechanism which requires no deep mantle plume has also been proposed for the Columbia River flood basalts. Hales et al. [2005] propose that delamination of the Wallowa plutonic roots could be responsible for the voluminous outpouring [Hales et al., 2005] .
[7] While some studies attribute the source of the Newberry hot spot track to be the Yellowstone plume [e.g., Draper, 1991] , other studies use the northwest propagating Newberry hot spot track to disfavor the Yellowstone plume hypothesis all together [e.g., Christiansen et al., 2002] . Alternative causal mechanisms for Newberry include subduction counterflow, gravitational flow along lithospheric topography of the North American craton, and lithospheric fracturing [e.g., Smith, 1977; Draper, 1991; Humphreys et al., 2000; Pierce et al., 2000a; Christiansen et al., 2002; Jordan, 2005] . Seismic anisotropy beneath the Newberry track suggests no flow along the length of the track implying that lithospheric processes are the most likely cause [Xue and Allen, 2006] . Therefore, the Newberry hot spot track itself cannot be used to argue for or against the Yellowstone Plume hypothesis.
[8] Given the proximity of the slab and the proposed Yellowstone Plume it is likely that the subduction and the upwelling processes interact with one another [e.g., Geist and Richards, 1993; Pierce et al., 2000b] . The JdF07 model [Xue and Allen, 2007] imaged the subducted Juan de Fuca plate in the mantle east of the Cascades beneath Oregon but found it stops at a depth of 400 km. Accordingly, Xue and Allen [2007] propose that the absence of the slab below 400 km today is due to the arrival of the Yellowstone plume head at ∼17 Ma, which destroyed the Juan de Fuca slab at depths greater than the thickness of the continental lithosphere.
[9] In addition to these primary tectonic objects and volcanic processes described above, there are several other prominent geologic provinces in the western United States shown in Figure 1 . To the west is the Coastal Ranges (Oregon Coastal Range and California Coastal Range specifically), a mountain belt following the coastline from the Olympic Mountains of Washington south to the westernmost Transverse Ranges in southern California. The Oregon Coastal Range likely began as an ocean island chain that collided with the continental tectonic plate of North America more than 60 million years ago meaning that the oldest portions of the Oregon Coastal Range are over 60 million years old [Orr et al., 1992] . The California Coastal Ranges are much younger and were formed 3 to 4 million years ago when the Pacific Plate began to move obliquely past the North American Plate. This caused some convergence between the plates generating the mountains [Harden, 1998] . Immediately east of the Oregon Coastal Ranges is the Cascades extending from Okanogan Highlands in Washington south to the northern California Coastal Ranges. The Cascades delineate the active volcanic arc related to the Juan de Fuca subduction system, and are part of the Pacific Ring of Fire, the ring of volcanoes and associated mountains around the Pacific Ocean.
[10] The Sierra Nevada is an extension of the Cascades toward the south and ends just north of the Transverse Ranges. While the Cascades has a lithology of mainly extrusive Cenozoic volcanic rocks, the Sierra Nevada is mainly intrusive Mesozoic granitic rocks and therefore represents the roots of an ancient volcanic arc. Between the rugged mountains of the California Coastal Ranges and the Sierra Nevada lies the Central Valley (also known as the Great Valley) which is about 650 km long and 80 km wide [Harden, 1998 ]. The valley originated below sea level as an offshore area depressed by subduction of the Farallon Plate into a trench further offshore and was later enclosed by the uplift of the Coast Ranges.
[11] South of the California Coastal Ranges, Central Valley, and the Sierra Nevada lies the east-west trending Transverse Ranges, formed by the convergence of the Pacific and North American plates at the "Big Bend" in the San Andreas Fault [Humphreys et al., 1984; Humphreys and Hager, 1990] (Figure 1 ). Located in southernmost California, the Salton Trough is a pull-apart basin bordered on the northeast by the San Andreas Fault and on the southwest by the San Jacinto Fault. South of the Salton Trough, beyond the margins of our study, rifting continues down the center of the Gulf of California.
[12] East of the Sierra Nevada is the Basin and Range, extending from eastern California to central Utah, from southernmost Oregon and Idaho to southern Arizona, southwestern New Mexico and further south into the Sonoran State of Mexico. Different causal mechanisms for Basin and Range extension have been proposed including passive and active models. Passive models attribute Basin and Range extension to the stress fields caused by the interaction of North American, Pacific, and Farallon plates: the coupling of the San Andreas Fault and the Queen Charlotte Fault, separated by the Juan de Fuca subduction system, a remnant of the previous Farallon plate [Christiansen and McKee, 1978] . Active models attribute the causal mechanism to be (1) the North American plate overriding the East Pacific Rise, (2) back-arc spreading, and (3) the Yellowstone hot spot. East of the Basin and Range is the Colorado Plateau with the Wasatch Front on its north side, and the Rocky Mountain front on its east. The deformation in the Rocky Mountain foreland and continental interior have been attributed to folding of the entire lithosphere as a result of horizontal end load on the western edge of North America during the Laramide compression (75-50 Ma) [Tikoff and Maxson, 2001] . Possible causes for the compression are rapid westward drift of the North American Plate and extreme flattening of the Farallon subduction [Dickinson and Snyder, 1978] . These features are all marked in Figure 1 .
[13] Here we tomographically image the mantle velocity structure beneath these geologic terranes using body waves in an effort to understand their deep structure and origin. Previous surface wave studies show that the average upper mantle S wave velocities of the western United States are considerably slower than that beneath the North American craton [e.g., van der Lee and Nolet, 1997; Marone and Romanowicz, 2007] . Body wave traveltime tomography studies have better lateral resolution of velocity features in the mantle beneath the western United States due to their more vertical raypath and higher frequencies (0.1 to 10 Hz compared to 0.1 to 0.003 Hz for surface waves) [e.g., Dueker et al., 2001] . They can therefore resolve more detailed velocity features such as the high-velocity Juan de Fuca plate beneath the Cascades, the low-velocity anomalies beneath the Yellowstone and the East Snake River plain, and the highvelocity anomaly beneath the Transverse Ranges of southern California etc.
[14] In this study, we incorporated the Transportable array data with all other available networks resulting in an unprecedented dense distribution of stations in the western Untied States. This allows us to fill the gaps where seismic stations were absent in previous studies, e.g., eastern Oregon, Idaho, central and northern Nevada, northern Utah, and Arizona [e.g., Rasmussen and Humphreys, 1988; Dueker and Humphreys, 1993; Bostock and VanDecar, 1995] . As the distribution of TA stations covers a wider region from the western coastline to eastern boundary of Utah and from the border with Canada in the north to the border with Mexico in the south, it also allows us to image deeper into the mantle revealing new features. In this study we can image to ∼1000 km except regions near the edge of the TA array, compared to depths of ∼500 km in previous studies when wide TA footprint was not available [e.g., Rasmussen and Humphreys, 1988; Bostock and VanDecar, 1995] . While previous velocity models derived from body wave traveltime tomographic studies are mostly P wave velocity models, we developed both P and S wave velocity models for the western United States. We refer to our seismic velocity models as DNA07-P for P wave and DNA07-S for S wave, where DNA07 represents the Dynamic North America model of 2007. We chose DNA for the following reasons: (1) the models will provide constraints to the geodynamics of North America; (2) the models will be updated with the progress of the Transportable Array; (3) it is a name easy to remember due to the popularity of its traditional meaning of "deoxyribonucleic acid." This does not imply that the images we obtain are geodynamic images. In short, DNA07-P and DNA07-S are tomographic models showing the P wave and S wave velocity perturbations beneath the western United States from the 1-D global velocity model of IASP91. IASP91 is a standard 1-D average Earth velocity model used as a reference in many seismological studies [Kennett and Engdahl, 1991] . The high-resolution DNA07 velocity models of the western United States reveal an extremely heterogeneous mantle structure and provide important clues to mantle convection processes in this tectonically active region and possible interactions between different geological objects, e.g., the subduction of the Juan de Fuca plate and the upwelling of the Yellowstone plume.
Data and Method

Station Distribution
[15] We use a broadband three component seismic data set collected from the Transportable Array (TA), a component of the National Science Foundation's Earthscope project (www. earthscope.org). The TA includes 400 broadband stations that have been deployed over a near-regular grid of sites with approximately 70 km spacing. The TA will migrate across the United States over the next decade, ultimately occupying about 2000 sites in the conterminous United States and Alaska. The TA data is also complemented by data from 26 other available seismic networks (see full names in Acknowledgments) in the study region as shown in Figure 2 . The total number of stations is 809, about half are from the Transportable Array.
[16] Data from all these networks was used in our study. After processing the waveform data and rejecting poor quality waveforms, the total number of stations providing data for the DNA07-S model was 557. For the DNA07-P model 580 stations were used.
Event Distribution
[17] We examined seismic events with epicentral distances greater than 30°and magnitude equal to or greater than 6.0 from 1 January 2006 to 13 October 2007. We expect far fewer useful seismic arrivals for M < 6 events due to lower signal-to-noise ratios. We use teleseismic events with epicentral distance 30°≤ D ≤ 95°as the direct P and S wave arrivals at these distances are relatively simple arrivals. Events with smaller epicentral distances have complex seismograms due to shallow crustal and upper mantle structure. For events from 19 May 2006 to 31 March 2007, we examined all events at all stations; for events outside this time period, we only examined events which would improve the event back azimuth coverage. In this study, we use direct P and S phase, which have clear arrivals and can be easily identified and core phases when possible.
[18] We use both direct S and SKS phases to build the data set for inverting the DNA07-S model. As direct S phases have higher signal-to-noise ratios on the tangential component than on the radial component, we use arrival data from tangential components for direct S phases. For SKS phases, we use arrival data from radial components. We found 82 events providing useful S picks and 44 events providing useful SKS picks. To build the data set for the DNA07-P model, we examined both direct P phases and core phases and found 75 events providing useful P picks (see Text S1 of the auxiliary materials for more details).
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[19] Events are generally clustered in back azimuth from the northwest, west, southwest, and southeast. To reduce the data redundancy, when events are within 1°in epicenter distance as well as back azimuth, we only kept the event which has the highest signal-to-noise ratio and the largest number of picks. We removed 8 redundant events for SKS, 19 events for direct S and P phases.
[20] For the S wave velocity inversion, DNA07-S, a total of 88 events are used with 36 providing clear SKS phases 
Method
[21] We follow the same inversion procedure as [Allen et al., 2002] . As this approach is a mature technique, we provide only an overview of the technique here. We manually check each waveform for good signal-to-noise ratio and manually pick either the first valley or the first peak. The arrivals are then cross correlated to obtain relative arrival times between all pairs of stations for each event [Vandecar and Crosson, 1990] . The average standard deviation of the relative traveltimes determined from cross correlation is 0.014 s for S and 0.005 s for P. The average cross-correlation coefficient is 0.91 for S and 0.89 for P. Rather than reference relative arrival times to an absolute arrival time pick, we set the average relative arrival time of each event to zero. This is equivalent to subtract the mean arrival time at all stations for each event. This approach accommodates timing uncertainties associated with event location, origin time, and eventside earth structures which are common to all raypaths for each event. Traveltime residuals are determined by calculating the relative arrival times at all stations for each event using the 1-D IASP91 global velocity model. The relative traveltime residue for each ray then is obtained by subtracting the predicted values using IASP91 from the observed relative arrival time. Thus the tomographic images we obtained are velocity perturbations from the 1-D reference velocity model of IASP91. This approach has the advantage of eliminating the uncertainties caused by the inaccurate locations of earthquakes as well as our incomplete knowledge about structures outside our study region. The consequence of this approach is the loss of absolute travel time, preventing recovery of velocity anomalies common to all raypaths.
[22] According to the noise analysis of data recorded by the Oregon Array for Teleseismic Study, OATS [Xue and Allen, 2007] , we expect noise to peak at the frequency range of 0.13-0.3 Hz. To avoid the possible influence of noise, S and SKS arrivals were picked and cross correlated in the frequency window of 0.02-0.1Hz; and P arrivals were processed in the frequency window of 0.8-2.0 Hz. For cross correlation, we chose a window length equal to approximately one wavelength or less for the arrivals observed in each frequency window, which is about 8 s for S and SKS phases and 1 s for P phases.
[23] The dimension of the model space is 5000 × 5000 × 2500 km, with the vertical dimension being 2500 km, and is centered at 40°N and 115°W. The model grid spacing and the smoothing length are 50 km and 100 km, respectively, in all three directions. The region parameterized is more expansive than the volume in which we expect to resolve structure in order to ensure that anomalies are not compressed into the model box.
[24] Our method adopts the high-frequency approximation of ray theory which will underestimate the true amplitude of seismic velocity anomalies by ignoring the Fresnel volume or the Frechet kernels. The width of the Fresnel volume q(x) (the first Fresnel zone) depends on the total distance between the source and receiver, L, the distance from the source, x, and the wavelength, l [Spetzler and Snieder, 2004] :
The wavelengths of teleseismic P waves used in our study are about 12.5 km given the 1.25 s upper limit of periods and an upper mantle velocity of 10 km/sec. For a raypath length of 10,000 km, the maximum Fresnel width (at the midpoint) is ∼350 km. So for the worst scenario, anomalies much smaller than about 350 km wide may not expected to be well resolved in the upper mantle. Actually, as the checkerboard tests (Figures 5 and 6) show that an anomaly with size as small as 250 km can be well resolved at least to 750 km in our study.
Event Corrections and Station Corrections
[25] The mean arrival time differs from event to event depending on the event location and exactly which stations have good arrivals. This causes a baseline shift between the relative traveltime sets for different events. Event corrections were therefore included in the inversion as a set of free parameters to accommodate these baseline shifts and also to account for timing uncertainties associated with event location, origin time, and eventside earth structures, To get more accurate images of the mantle, we also need to correct for crustal effects. There are two approaches to correct and reduce the effect of crustal contamination on the images of the mantle. One approach is to use station corrections where we consider the crustal structure to be unknown. Station corrections correspond to travel time perturbations from a reference model (IASP91 in our case) for the raypaths directly beneath each station. In the inversion, we include a set of free parameters corresponding to station corrections for all stations and invert for them with the goal of removing the crustal traveltime delays from the mantle velocity model. Alternatively a crustal correction could be calculated using existing crustal models to remove a known crustal effect.
[26] There is currently no crustal model covering the study region with a lateral resolution comparable to the station spacing used in this study. Therefore, we use station Figure 3 . Distribution of (a) 88 events and 23,233 rays used in the DNA07-S model inversion and (b) 58 events and 15,141 rays used in the DNA07-P model. The red dots indicate events providing good direct S phases in Figure 3a and P phases in Figure 3b . The yellow dots indicate events providing good SKS phases which are overlaid on the red dots.
corrections in order to correct for the true crustal structure. Rather than leave the station corrections unconstrained in the inversion, we use corrections calculated from an existing crustal model as a reference. We have investigated both CRUST2.0 and EARS (Earthscope Automated Receiver Survey). CRUST2.0 is a global model of crustal structure, topography, and bathymetry with a resolution of 2° [Bassin et al., 2000] . CRUST 2.0 takes advantage of recent compilations of global sediment, ice, and crustal thicknesses which are defined on a 1°× 1°grid and cover most of Eurasia, North America, Australia and some areas of Africa and South America. Sediment thicknesses in each cell are to within 1.0 km of the true sediment thickness and crustal thickness are within 5 km of the true crustal thickness (http://igppweb.ucsd.edu/~gabi/rem.dir/crust/crust2.html). EARS is a crustal model derived from automated receiver function and can be found online at http://www.seis.sc.edu/ projects/EARS/index.html [Crotwell and Owens, 2005] . The data distribution of EARS is heterogeneous in our study region and its crustal thickness map shows large variations at adjacent stations ( Figure S1 in Text S1). We take the approach of solving for station correction in our inversion but use existing crustal models as a guide to the appropriate amplitude of the crustal corrections in a statistical sense. We therefore prefer a smooth crustal model and chose CRUST2.0 as we think it resents a good estimate of the average crustal model in our study region and satisfies our requirement.
[27] Individual ray parameters were used to compute the raypaths and traveltimes through CRUST2.0 using bicubic interpolation and taking into account station elevations. The resulting distribution of CRUST2.0 crustal corrections for the stations used in our study has a standard deviation of 0.50 s for S wave velocity and 0.27 s for P wave velocity. We assume that the distribution of CRUST2.0 crustal corrections represents the distribution of the true crustal corrections and we weight the station corrections in our inversion to have the same standard deviation as the CRUST2.0 correction. This allows us to use CRUST2.0 as a guide to the amplitude of true crustal corrections while letting our data set adjust the individual correction at each station. Figure 4 shows maps of station corrections for the DNA07-S and DNA07-P. We can see that the pattern of station corrections have good correspondence with surface geology. Negative corrections are observed at stations where high-velocity anomalies are expected such as the Cascades, Sierra Nevada, and Wasatch Front. Positive corrections are made at stations where low-velocity anomalies are expected such as Yellowstone, the Basin and Range, and the Central valley. The positive station corrections beneath the Yellowstone are consistent with the observations of low-velocity upper crust beneath Yellowstone [Stachnik et al., 2008] .
[28] For the DNA07-S model, a priori standard deviations of 6%, 0.39 s, and 0.32 s were used for the velocity nodes, station corrections, and event corrections, respectively. Similarly, for the DNA07-P model, a priori standard deviations of 3%, 0.28 s, and 0.16 s were used for the velocity nodes, station corrections, and event corrections, respectively. We also include damping in our inversion to push the solution for velocity perturbations toward zero. This is based on the philosophy that we have some idea of what the solution should look like, i.e., the starting model of IASP91, and we don't want to deviate from that unless it is required by the data. The final choice is a tradeoff between damping as little as possible in an effort to increase the fit to the observed data and damping as much as possible to prevent large-amplitude, small-volume, spikes in the velocity model which are most likely due to fitting noise in the data. We have experimented with a range of damping parameters from 0.0 to 1.0. For both the DNA07-S and -P models, a damping factor of 0.1 was used in the inversion. The choice of these parameters affects the apparent velocity structure in the upper ∼300 km as traveltime delays are preferentially satisfied by station corrections or velocity anomalies in the uppermost mantle. Different values were tested and variations in these parameters of a factor of 2 or 3 had little effect on the amplitude of structure or velocity anomalies below ∼300 km depth.
[29] For the DNA07-S model, the initial RMS residual is 1.83 s and after inversion, the RMS is reduced to 0.49 s, corresponding to a variance reduction of 73%. For the DNA07-P model, after inversion, the RMS residual is reduced from the initial 0.60 s to 0.15 s and the var reduction is 74%. The RMS residue was determined using
where syn i indicates the calculated relative traveltime residue using the inverted velocity model, data i indicates the observed relative travel time residue, and N is the total number of the observed relative travel time residues.
Checkerboard Resolution Tests
[30] To demonstrate the resolution of our model in general, we conducted several 3-D checkerboard sensitivity tests. A checker board test includes the following steps: (1) build a synthetic velocity model using alternate anomalies of high and low velocities evenly spaced throughout the model horizontally and vertically in a 3-D checkerboard pattern, which is the reason why it's called checker board tests; (2) calculate the predicted relative travel time residues through the synthetic model using the real data geometry; and (3) invert for the velocity model and compare with the synthetic model to assess the ability of the data to resolve the checker board.
[31] First, we conducted a 3-D test with a length scale of 250 km. Each anomaly has the geometry of a cylinder with a vertical axis and a dimension of 250 km in both the vertical and horizontal directions. The amplitude of the synthetic velocity anomaly is 0.135 km/sec for DNA07-S and 0.12 km/sec for DNA07-P. In the vertical direction from the surface to 1000 km depth, we put four layers of alternating velocity anomalies which are centered at depths of 125, 375, 625, and 875 km. Figure 5 shows the results for the DNA07-S model. Figures 5a and 5c are two depth slices of the recovered model through the center of two of the input layers, showing the size and shape of the anomalies are recovered very well except along the eastern and southwestern margins of the model where the resolution is reduced as shown on the ray density plots ( Figure S4 in text S1). The recovered amplitudes are reduced with increasing depth. Figure 5b is a depth slice through the boundary of two of the input layers, where the velocity anomalies are expected to be zero if no smearing occurs. The little velocity anomalies recovered shows that vertical smearing is insignificant. Figures 5d and 5f are two vertical slices of the recovered model sliced into the center of the input velocity anomalies. They also show that size and shape of the anomalies are well recovered to a depth of 750 km although the recovered amplitudes are reduced at greater depth especially on the east margin. Figure 5e is a vertical slice through the boundary of two of the input columns, showing that horizontal smearing is insignificant. Figure 6 shows the results of the same resolution test for the DNA07-P model. The results demonstrate similar resolution as for the DNA07-S, although there is increased smearing in both the vertical and horizontal smearing directions. This is likely due to the lack of near-vertical core phases in the P model.
[32] The results of the checker board resolution tests show that the percentage of recovery under our inversion scheme is about ∼60 to 70% for DNA07-S and ∼70% for DNA07-P beneath the array. The recovery is reduced to ∼20 to 40% for DNA07-S and 40% for DNA07-P near the margin of the station distribution or at depths greater than 500 km, and Figure 6 . Checkerboard test using an input cell size of 250 km for the DNA07-P model. Depth slices and vertical slices of the recovered model are shown at the same depths and cross sections as Figure 5 . The amplitude of the input V p anomaly is 1.5%. Again input models are overlain on the recovered models by thick lines with blue for high-velocity anomalies and red for low-velocity anomalies. The contour interval is 0.25% indicated by vertical lines in the color bar of the velocity scale. Zero contours are not shown.
especially when both these factors apply. These demonstrate that the observed velocity anomalies in our DNA07 models are likely smaller than the real amplitudes as not all of the anomaly amplitude is recovered during the inversion due to smoothing, damping, and imperfect ray coverage.
[33] As good resolution of small-scale structures does not demonstrate that larger structures can also be retrieved [Lévěque et al., 1993] , we conducted 3-D checkerboard tests for larger cell sizes of 500 km and 1000 km. Both tests demonstrate that our data set can retrieve larger structures just as well as the 250 km anomalies. Figures S2 and S3 in Text S1 show the results for 500 km anomalies for DNA07-S and -P, respectively.
[34] In the above synthetic tests and other synthetic tests to follow, we add Gaussian white noise in the synthetic relative traveltime residue. In selecting the amplitude of Gaussian noise, we took the uncertainties of relative travel time residues as references. There are two ways in deciding the standard deviation of noise: (1) use the average standard deviation of relative travel time residues for all rays and (2) use the standard deviation of individual relative travel time residue for each ray which is possible due to the crosscorrelation approach. The first approach tends to average out some very large uncertainties for a few rays and results in much smaller peak to peak noise. For example, for the P wave data set, the peak to peak noise is 0.05 s using the Figure 7 . (a) Depth slices through the (left) DNA07-S model and (right) DNA07-P model from 100 km to 400 km depth with an interval of 100 km. The corresponding ray density plots are shown in Figure S4 in Text S1. (b) Depth slices through the (left) DNA07-S model and (right) DNA07-P model from 500 km to 800 km depth with an interval of 100 km. The corresponding ray density plots are shown in Figure S4 in Text S1. first approach and is 0.2 s using the second approach. In order to have a better representation of actual noise in data, we used the second approach i.e., the standard deviation of each relative traveltime residue as the reference standard deviation when randomly generating noise for a data point. Our relative travel time residues have a maximum standard deviation of 0.08 s for P wave and 0.3 s for S wave. This results in a peak to peak noise of 0.2 s for the P traveltime data and 0.6 s for the S traveltime data.
Tomographic Results and Interpretations
[35] Of the two velocity models (P and S velocity), DNA07-S has better event back azimuth coverage, better ray incident angle coverage, and a larger number of events and therefore rays, than DNA07-P (Figure 3 ). DNA07-S therefore has better resolution as demonstrated in the checkerboard tests (Figures 5 and 6 and Figures S2 and S3 in Text S1) . Despite these differences in resolution, the main geologic features in the model region, e.g., the subducted Juan de Fuca plate and the Yellowstone upwelling, are clearly imaged in both models though the detailed geometry sometimes differs. Multiple, regular slices through DNA07-S and -P are shown in Figures 7 and 8 . Figure 7 plots depth slices from 100 km depth to 800 km depth with an interval of 100 km, and Figure 8 plots vertical slices corresponding to east-west cross sections from northern Washington to southern California. The main features observed in the DNA07-S and -P models are described in this section. As the features we interpret below are mainly in upper mantle, V p and V s depend strongly on temperature and the effect of composition is secondary [Cammarano et al., 2003] . Accordingly, we interpret the observed velocity anomalies in terms of temperature anomalies, i.e., "hot" for lowvelocity anomalies and "cold" for high-velocity anomalies. We also use "strong" and "weak" to describe the magnitudes of relative velocity anomalies. In this section, we have corrected for the recovery ability of our inversion scheme, e.g., the recovery percentage is ∼60 to 70% for DNA07-S and ∼70% for DNA07-P within the model box. Therefore the amplitude of relative velocity anomalies described below reflects their real-Earth amplitudes.
[36] The synthetic tests in section 3 demonstrated that our data set has good resolution and can retrieve features as larger as 500 to 1000 km across or as small as 250 km across. In addition, we conducted another 3-D checkerboard test with a cell size of 200 km along the same vertical slices as are shown in Figure 8 . The results of this test are shown in Figure 9 , and helps identification of features from the models (Figure 8 ) which fall into a region of good resolution and are therefore worthy of interpretation. In addition to the resolution tests, all velocity slices also have a corresponding ray density plot immediately to the left side of the velocity slice. White indicates zero hits and black indicates 100+ hits.
Juan de Fuca Subduction System
[37] The Juan de Fuca subduction system can be observed as a zone of high-velocity anomaly up to 3.6% in DNA07-S and 1.5% in DNA07-P, parallel to the plate margin and beneath the Cascades at 100 km depth which extends toward the east with increasing depth (Figure 7) . At 200 km depth, the slab has high-velocity anomalies up to 2.8% in DNA07-S and seems weakened in Oregon with high-velocity anomalies reduced to only 0.25% in DNA07-P. At 300 km depth, the slab is weakened in Oregon and the weakening is more obvious in the DNA07-P model with high-velocity anomalies of up to 0.75%. At 400 km depth, a coherent linear slab pattern is absent in DNA07-S model and the Oregon segment of the slab is absent in DNA07-P model. At greater depths, a coherent slab feature is absent. Note that this region is one of relatively high ray density ( Figure S4 in Text S1).
[38] In vertical slices (Figure 8 ), the slab shows up as a dipping high-velocity anomaly up to 4.3% in DNA07-S and 1.8% in DNA07-P reaching 400 km depth in Washington (B-B′), is weakened and disrupted in Oregon (C-C′, D-D′, E-E′), and shows up as a coherent slab feature again beneath northern California (F-F′ and G-G′). An interesting feature is observed in northern California (F-F′) and south of the Mendocino triple junction (G-G′), particularly in DNA07-P, where a dipping high-velocity anomaly is imaged at depths greater than 400 km. This high-velocity anomaly has similar high-velocity perturbations of up to 4.3% in DNA07-S and 2.3% in DNA07-P as the Juan de Fuca slab and is perhaps an old slab fragment from the Cascadia subduction zone. In the disrupted slab section beneath Oregon (C-C′, D-D′, E-E′, particularly in the DNA07-S) the weak slab segment seems to overlay another, deeper slab segment. A tentative explanation is that the deeper slab segment may be a previously broken-off slab which then sank, and continues to sink, due to its negative buoyancy. We also observe a low-velocity zone immediately beneath the Juan de Fuca slab in the DNA07 models from central Oregon to northern California (Figure 8 from E-E′ to G-G′). This zone has a low-velocity anomaly up to ∼4.3% in DNA08-S and ∼2.3% in DNA08-P and follows the dip of the slab. This low-velocity zone was previously observed in the JdF07 model [Xue and Allen, 2007] with an amplitude of ∼3% in V s and interpreted as Figure 8a . remnant plume head material about 100-300°C hotter than the surrounding mantle which has been dragged down by the Juan de Fuca subducting slab to form the low-velocity zone beneath the slab [Xue and Allen, 2007] . Resolution tests in Figures 9 and 10 show that our models have resolution in regions where the above features are imaged.
[39] Previous observations of the slab high-velocity anomalies are ∼3.8% for V s and 1.8% for V p in Oregon [Xue and Allen, 2007] . The slab imaged in this study has a similar high-velocity anomaly up to 3.7% in DNA07-S and 1.8% in DNA07-P in the vertical slice of E-E′ through Oregon. The high-velocity anomalies fall into the range of ∼2% to 4% expected for the Juan de Fuca slab [Xue and Allen, 2007] .
Every 100°C decrease in temperature results in an increase of ∼1% in the S wave velocity [Cammarano et al., 2003] . This is consistent with the fact that the temperature anomaly of the Juan de Fuca slab is expected to be between 200 and 400°C colder than the surrounding mantle [Davies and Stevenson, 1992] given the slab dip of 60°and subduction rate of 33 mm/yr to 41 mm/yr from northern California to central Washington [Gripp and Gordon, 2002] .
[40] Previous studies suggest that the slab has a dip of 60°t o 65°to the east [Rasmussen and Humphreys, 1988; Bostock and VanDecar, 1995] or a shallower dip of 45°to the eastnortheast [Michaelson and Weaver, 1986 ] beneath northern and central Washington, a dip of 60°to the east beneath southern Washington and northern Oregon [Michaelson and Weaver, 1986] , a dip of 50° [Xue and Allen, 2007] or a vertical dip [Rasmussen and Humphreys, 1988] beneath the Oregon Cascades, and a dip of ∼65°to the east along a NW-SE array across southern Oregon [Harris et al., 1991] . In our DNA07-S model, the dip angle has an average of ∼60°a nd can only be measured in four cross sections in Figure 8 : 64°in A-A′, 57°in B-B′, 63°in D-D′, 57°in F-F′. In DNA07-P model, the dip angle has an average of ∼58°over seven cross sections from A-A′ to G-G′ in Figure 8 : 61°in A-A′, 59°in B-B′ and C-C′, 58°in D-D′ and E-E′, 60°in F-F′, and 53°in G-G′. We can see that there is a difference in the dip between most of the slab to the north of the Mendocino Triple Junction (MTJ) where the dip is nearly a constant of ∼60°, and the small fragment to the south of the MTJ (in G-G′) where the dip angle shallows to 53°. This may be due to flow around the southern edge of the slab.
[41] The Juan de Fuca subduction system as described above is in a region away from the edge of the model and we therefore have good resolution as shown in Figure 9 . To further illustrate this we conducted velocity anomaly recovery tests on the observed slab feature as shown in Figure 10 . This test explores how well our data set can resolve a slab-like anomaly at different depths. We use a synthetic slab anomaly with a dip of 60°to the east below 100 km depth, the average dip imaged in this study. Beneath northern Oregon, Bostock et al. [2002] inverted for the S velocity structure of the shallow part of the Cascadia subduction zone using scattered teleseismic waves recorded on an EW oriented portable array and imaged the slab dipping shallowly at ∼10°at the western edge of the central Oregon and more steeply of ∼30°from the 45 km depth. We therefore us a nearly horizontal synthetic slab above 100 km. We conducted two tests, a synthetic slab ending at 400 km and a slab ending at 600 km (Figure 10 ). The results of the synthetic resolution tests shown in Figure 10 are sliced along the same cross sections as the DNA07-S and -P in Figure 8 . The tests show that (1) we can recover the geometry of the slab with insignificant smearing essentially close to zero for the DNA07-S and with minor smearing up to 150 km along the slab for the DNA07-P and (2) slab recovery is very similar in the different cross sections from Washington to northern California. Therefore, the observed disruption of the slab beneath Oregon is most likely real, and the slab, at least in this narrow clearly defined form, stops at about 400 km depth.
[42] The DNA07 observation that the slab stops at 400 km is consistent with the preliminary contention of the JdF07 model [Xue and Allen, 2007] and also Xue and Allen's interpretation that the Juan de Fuca subduction system interacted with a Yellowstone plume head around 17 Ma. Xue and Allen [2007] calculated the total length of the imaged slab is ∼660 km, about 180 km longer than the estimated length of slab subducted since 17 Ma assuming a constant Figure 10 . Resolution tests on the observed slab feature for (a) the DNA07-S and (b) DNA07-P models. For each model, there are two tests: (left) the recovered model for a synthetic slab ending at 400 km and (right) the recovered model for a synthetic slab ending at 600 km. The cross sections are the same locations as those in Figures 8 and 9 . Input models are overlain on the recovered models by thick lines with blue for high-velocity anomaly. The contour interval and color scale are the same as in Figures 5 and 6. subduction rate of 28 mm/yr toward the east [Wilson, 1988; Gripp and Gordon, 1990] . Assuming the same slab geometry 17 Ma as today, this 180 km length of slab would reach ∼60 km depth, comparable to the thickness of continental lithosphere. They propose that the absence of the slab below 400 km today is due to the arrival of the Yellowstone plume head ∼17 Ma, which destroyed the Juan de Fuca slab at depths greater than the thickness of the continental lithosphere. The additional disruption observed in the slab in Oregon at shallower depths, also imaged by others [Burdick et al., 2008; Sigloch et al., 2008] , may indicate that Oregon is the impact location of the Yellowstone plume head with the subducting Juan de Fuca slab. It also explains the absence of deep seismicity in Oregon. Alternatively, Sigloch et al. [2008] suggest that the slab hole (what they called "the slab gap") beneath Oregon may be a tear due to slab segments at its two sides subducting at different angles, and further propose that the gap provided an unimpeded ascent for buoyant mantle material to reach the surface and cause the eruption of the Columbia River Basalts. However, this interpretation cannot explain the inclusion of oceanic crust in the melt source for the Columbia River Basalts [Takahahshi et al., 1998 ].
Yellowstone Upwelling and the Eastern Snake River Plain
[43] In depth slices (Figure 7 ), DNA07-P shows a strong low-velocity anomaly of more than 2% beneath the Yellowstone region that extends down to 200 km depth. At 300, 400, and 500 km depth, no low-velocity anomaly is observed directly beneath Yellowstone. Instead, a lowvelocity anomaly shows up northwest of Yellowstone (Figure 7 ). This anomaly is much weaker in DNA07-S except at 100 km depth, where a strong low-velocity anomaly is observed directly beneath Yellowstone. At 600 km, a lowvelocity anomaly is present in DNA07-S and this feature extends toward the southwest and is still prominent at 800 km depth where it is also observed in DNA07-P. Figure 11a is a NW-SE cross section through the Yellowstone anomaly showing that a strong low-velocity anomaly of more than 4% in DNA07-S and 2% in DNA07-P is located beneath the Yellowstone caldera to a depth of 200 km and then dips toward the northwest. This anomaly stops at 500 km depth and its amplitude is reduced greatly at depths greater than 200 km in DNA07-S with ∼3.7% at depths of 250 km and 2.2% around 500 km depth while it remains strong in DNA07-P.
[44] To check whether the dip of the low-velocity anomaly beneath Yellowstone toward the northwest is caused by smearing along rays coming from this back azimuth we conducted a resolution test. In the test, we put a synthetic structure with a low-velocity anomaly of 3% for DNA07-S and 1.5% for DNA07-P beneath the Yellowstone caldera extending down to 250 km, and test whether there is smearing toward the northwest with increasing depth. As shown in Figure 11b , our data set can recover the geometry of this anomaly with little smearing. The amplitude of the recovered anomaly is reduced to 67% for DNA07-S and 33% for DNA07-P,. This demonstrates that the northwest migration of the Yellowstone anomaly with depth is not caused by smearing and most likely a real feature. The observation of such a dipping low-velocity feature is consistent with previous tomographic studies [e.g., Christiansen et al., 2002; Yuan and Dueker, 2005; Waite et al., 2006; Burdick et al., 2008] .
[45] Along the East Snake River Plain, low-velocity anomalies are observed to 200-250 km depth in both DNA07-S and -P and are flanked by high-velocity anomalies at 100 km ( Figure 7, Figure 8 (E-E′), and Figures 11a and  11c) . The low-velocity anomaly is a strong and coherent feature from the surface to the depth of ∼200 km with an amplitude reaching the 4% for DNA07-S, and 1.5% for DNA07-P. This has been observed before [Humphreys et al., 2000; Burdick et al., 2008] and has been interpreted as partially molten mantle (of low seismic velocity) beneath the hot spot track and basalt-depleted mantle (of high velocity) beneath the rest of the swell [Humphreys et al., 2000] . At much greater depths, greater than 600 km, a strong lowvelocity anomaly is clearly visible in DNA07-S and also observed in DNA07-P but with reduced amplitude (Figure 11c ). There is no evidence for a low-velocity anomaly connecting this lower mantle feature with the shallow anomaly beneath the Yellowstone caldera. In fact there is a (weak) high-velocity zone separating the shallower (<250 km) and deep (600-1000 km) low-velocity features (Figure 11c ). This feature has also been observed by [Christiansen et al., 2002; Ritsema and Allen, 2003; Burdick et al., 2008; Sigloch et al., 2008] and been suggested to be the source region of a midmantle plume responsible for the eruption of the Columbia River Basalts [Sigloch et al., 2008] .
[46] The suggestion that the present Yellowstone lowvelocity anomaly is connected to a deeper mantle source in the transition zone to the northwest of Yellowstone is consistent with the topography of the 410 and 660 mantle discontinuities in this region. The Clapeyron slope for the 410 discontinuity is positive while that for the 660 discontinuity is negative, therefore a vertically coherent thermal anomaly will move the 410 and 660 depths in an opposite direction [Bina and Helffrich, 1994] . This anticorrelation of discontinuity topography assumes that thermal effects alone are modulating their depths. Fee and Dueker [2004] found that the "410" mantle discontinuity is depressed to a depth of 425 km, 15 km deeper than the normal 410 km depth in a circular region northwest of the Yellowstone caldera which is consistent with higher mantle temperatures in the region as would be expected for a mantle upwelling. However, Fee and Dueker [2004] did not find a circular shallowing of the 660 km discontinuity in the same region. Instead, the observed depth of the 660 km discontinuity varies from 655 km to 660 km, suggesting that the same high temperatures are not present at 660km depth. Accordingly, Fee and Dueker [2004] argue for the presence of a warm upwelling at the 410 anomaly northwest of the Yellowstone caldera but that the anomaly does not extend across the 660 mantle discontinuity. Our tomographic observations are consistent with this observation.
[47] While we do not image a plume conduit down into the lower mantle, the resolution limit of our model may prevent us from seeing a conduit if the conduit is too narrow. We therefore conducted several tests to determine the resolution limit of our inversion scheme. We put a synthetic low-velocity anomaly beneath the Yellowstone caldera representing a mantle plume. The input anomaly has a radius of 50 km and extends from 0 to 1000 km depth with a −3% velocity perturbation for S and −1.5% for P. Figures 12a and 12c show a NW and a SE oriented cross sections through this synthetic plume, respectively, with a maximum lowvelocity perturbation of 2.5% for S and 1.25% for P. The corresponding recovered models are shown in Figures 12b  and 12d , respectively, and demonstrate that our data set can recover the geometry of the input anomaly but with reduced amplitude at greater depths with a recovery percentage of ∼60% at 200 km depth and ∼30% at 750 km depth for both S and P. We conducted two additional tests. First, we keep the same −3% and −1.5% velocity perturbations but reduce the conduit radius to 25 km. Second, we use a 50 km radius but reduce the velocity perturbations by 50% to −1.5% and −0.75% for S and P velocity, respectively. In both cases, we are not able to recover the input model (not shown). Thus if the conduit is smaller than 50 km in diameter or the velocity perturbation is small, i.e., less than 1.5% for S velocity and 0.75% for P velocity, our data set will not be able to detect it.
Newberry Track/High Lava Plains
[48] Small-amplitude low-velocity anomalies of ∼2.1% in DNA07-S beneath the High Lava Plains and along the Newberry track are observed in the 100 km depth slice but do not extend to the 200 km depth slice (Figure 7 ). This shallow aspect of the High Lava Plains was also observed by [Burdick et al., 2008] . The vertical cross section of E-E′ in Figure 8 shows the low-velocity anomalies are shallower than 150 km and have no further continuation deeper into mantle. The largest low-velocity anomaly of ∼3.6% in DNA07-S and ∼0.75% in DNA07-P is directly beneath the Newberry caldera (at ∼350 km east from the western end along E-E′, Figure 8 ) and is offset to the east of the High Cascades volcanic chain. Just as beneath the Yellowstone Figure 11 . Vertical slices through the DNA07 models: (a) a NW-SE cross section through the Yellowstone caldera; (b) the synthetic test along the same cross section as Figure 11a ; (c) a cross section along the eastern Snake River Plain.
hot spot track, lower-amplitude low-velocity anomalies are imaged along the track to the northwest (compare Figure 8 E-E′ with Figure 11c , and see the 100 km depth slice of DNA07-S in Figure 7 ). While shear wave splitting observations suggest flow along the length of the Yellowstone track [e.g., Waite et al., 2005] , shear wave splitting results along the Newberry track do not align with flow along the volcanic progression [Xue and Allen, 2006] . The seismic anisotropy study led Xue and Allen [2006] to conclude that the Newberry hot spot track is not a product of asthenospheric flow, and is more likely a result of lithospheric processes. If this is the case, the low velocities observed in our tomography models may be generated by the melting necessary to generate the volcanism at the surface.
High Velocities Beneath Eastern Washington, Northeastern Oregon and Northern Idaho
[49] A strong high-velocity zone for both DNA07-S and P is observed from 100 to 300 km depth beneath central Washington and extends through northern Idaho reaching Figure 12 . A synthetic test for a mantle plume located beneath the Yellowstone caldera. The input anomaly has a radius of 50 km and extends from 0 to 1000 km depth with −3% velocity perturbation in S velocity and −1.5% in P velocity. (a) The same NW-SE cross section as in Figure 11a through the input model and (b) the recovered model; (c) the same cross section along the eastern Snake River Plain as in Figure 11c through the input model and (d) the recovered model. the northwest of Montana (Figure 7) . At shallow depths, e.g., 100 km, the high-velocity zone connects with the highvelocity slab (beneath the Cascades at 100 km) and the high-velocity anomaly beneath the northeast Oregon. In the vertical cross section through central Washington ( Figure  8 A-A′), this high-velocity zone extends down to 250 to 300 km depth. Beneath northeast Oregon, the Wallowa Mountains, a strong high-velocity anomaly is observed extending to ∼400 km depth (Figure 7, Figure 8 C-C′ and D-D′). Similar features were also imaged by Burdick et al. [2008] .
[50] Previously imaged high-velocity anomalies beneath Washington have been interpreted as thick lithosphere or melt extraction [e.g., Humphreys and Dueker, 1994b , and references therein], as the removal of 10% basaltic melt from peridotite would leave a depleted high-velocity residuum behind causing a 1% increase in V P and more substantial increase in V S [Jordan, 1979] . The location of this high-velocity zone corresponds with the margin of the North American craton as delineated by the Sr 87 /Sr 86 > 0.706 line [Ernst, 1988] (Figure 1 ).
[51] Hales et al.
[2005] imaged a high-velocity anomaly to 175 km depth beneath the Wallowa Mountains. They hypothesized that it is depleted mantle remaining after the eruption of the Columbia River flood basalts which were in turn the result of delamination of the Wallowa plutonic root. This proposes an alternative causal mechanism for the eruption of the Columbia River Basalts, which would not require a mantle plume. Yet, it is still unknown whether this mechanism can explain geochemistry observations such as the elevated He 3 /He 4 ratios and an inclusion of oceanic crust in the source for the Columbia River Basalts [Takahahshi et al., 1998 ]. However, plume or no plume, the melt extraction due to the eruption of the Columbia River Basalts can generate high-velocity anomalies in the mantle beneath it and therefore may explain our observed velocity anomalies.
[52] Beneath this broad shallow high-velocity zone, other high-velocity anomalies are observed at greater depths (particularly A-A′ and B-B′ in Figure 8 ). These are resolved features and illustrate the complexity of upper mantle structure. They may be previously subducted slab segments and/or delaminated craton roots.
High Velocities Beneath Southern Sierra Nevada and Transverse Ranges
[53] A strong high-velocity anomaly >2% in DNA07-P and >4% in DNA07-S is imaged at the southern tip of the Central Valley/Sierra Nevada (Figure 7) . In a region of good resolution, this feature shows up with a similar geometry in DNA07-S and -P: from the surface to 200 km depth this anomaly remains nearly vertical and then dips about 45°east ending at 400 km depth east of the southern Sierra Nevada tip (Figure 8 J-J′) . This feature, also called "Isabella anomaly" [Jones et al., 1994] , has been previously imaged to a depth of 400 km dipping toward east [Burdick et al., 2008] , or to a depth of 200 to 300 km [Biasi and Humphreys, 1992; Jones et al., 1994; Saleeby and Ducea, 2003] . Biasi and Humphreys [1992] suggested this anomaly is sinking lithosphere and proposed possible sources of lithospheric material include fragments of slab from Laramide or post-Laramide time or perhaps North American mantle lithosphere removed from neighboring regions [Biasi and Humphreys, 1992] . Jones et al. [1994] have suggested that this is downwelling lithosphere, which might have started in the Miocene when extensional tectonism deformed San Joaquin Valley and Tehachapi Mountains; this deformation might have introduced an instability in the cold mantle lithosphere beneath the southern Sierra, permitting it to start to move downward. Alternatively, Saleeby and Ducea [2003] propose that the subbatholith mantle lithosphere was mechanically delaminated by a shallow segment of the Laramide slab and was replaced by underthrust subduction accretion assemblages.
[54] Beneath the Transverse Ranges a high-velocity anomaly is imaged to a depth of 200 km (Figure 7 ). This anomaly dips 45°toward the east along the east-west cross section in DNA07-S with an anomaly >4%, but is weaker in DNA07-P with an amplitude of ∼1.5% (Figure 8 K-K′) . The geometry of the feature beneath the Transverse Ranges is similar to that beneath the southern Sierra Nevada, particularly in DNA07-S (compare Figure 8 J-J′ and K-K′). Similar features have been revealed before in P wave velocity models beneath the Transverse Ranges and been interpreted as downgoing subcrustal lithosphere resulting from the convergence of the Pacific and North American plates [Humphreys et al., 1984; Humphreys and Hager, 1990] .
[55] In the cross section through this anomaly along the trend of the Transverse Ranges (Figure 13a ), a similar velocity structure is observed as that along the K-K′ in Figure 8 . In DNA07-S, the high-velocity anomaly is strong and dips 45°toward the east reaching 300 km depth. In addition, a low-velocity zone is imaged with a similar dip of 45°immediately beneath the high-velocity anomaly. In DNA07-P, the high-velocity anomaly is weaker and reaches a depth of 200 km without any apparent dip and there is only a weak low-velocity anomaly beneath. When the anomaly is sliced perpendicular to the trend of the Transverse Ranges (Figure 13b ), the high-velocity anomaly has a nearly vertical geometry in both S and P models reaching 200 km depth. A low-velocity zone beneath the highvelocity feature is observed again in the DNA07-S model but absent in the DNA07-P model.
[56] The DNA07 models allow us, for the first time, to image the Transverse Ranges and the southern Sierra Nevada with a similar resolution to the Juan de Fuca subduction system to the north. Compare Figure 8 C-C′ or F-F′ with J-J′ and K-K′, these southern Californian anomalies shows remarkable similarity with the currently subducting slab.
Coastal Ranges
[57] At 100 km depth, a low-velocity zone is located beneath and along the length of the Coastal Ranges from northern Washington to central California. This is particularly clear in DNA07-P where the anomaly is strong everywhere except northern Oregon. The strongest anomalies, in DNA07-P and -S, are beneath the Olympic Mountains and northern California with >2% P and >4% S velocity anomalies (Figure 7) . At other locations along this low-velocity zone, velocity anomalies range from 1.4% to 3.6% in DNA07-S but remain high in DNA07-P.
[58] This low-velocity zone can also be observed in the vertical cross sections of A-A′ to H-H′ in Figure 8 . The depth it reaches in different cross sections ranges from ∼200 km in the north to >500 km in the south. These low-velocity anomalies have also been imaged by Burdick et al. [2008] . A possible explanation is that the low-velocity layer has been carried with the oceanic lithosphere from the Juan de Fuca ridge. Low shear velocities have been observed in the upper 200 km offshore west of northern Oregon and Washington near the Juan de Fuca ridge in the global model S20RTS leading to it being categorized as a ridge-type hot spot [Ritsema and Allen, 2003] .
[59] At the southern end of the anomaly (E-E′ to H-H′) this low-velocity zone lies directly beneath the subducting slab and has a similar dip as the slab. A similar low-velocity feature was observed in JdF07 by Xue and Allen [2007] and was interpreted as the remnant plume head material that spread beneath the oceanic lithosphere when the Yellowstone plume head impacted the North American Lithosphere around 17 Ma. The appearance of the feature on cross sections E-E′ through H-H′ is consistent with this interpretation as these east-west sections straddle the latitude of the McDermitt caldera (at 42°N) which is believed to have been the center of the plume head as it is the origin point for the Yellowstone hot spot track.
Low Velocities Above the Juan de Fuca Slab
[60] A strong north-south trending low-velocity zone is observed east of the Cascades from southern Washington to northern Nevada (Figure 7 ). This low-velocity zone is parallel to the Cascades and extends from the surface down to 300 km depth and has a low-velocity anomaly up to ∼3.6% in DNA07-S and ∼1.8% in DNA07-P with the maximum velocity perturbation located in central to northern Oregon. In vertical slices (Figure 8 ), this low-velocity anomaly is located above the subducted slab and can be seen in the cross sections of C-C′, D-D′, E-E′, F-F′, G-G′ and H-H′. This low-velocity anomaly was also present in previous tomographic images [e.g., Humphreys and Dueker, 1994b; Dueker et al., 2001; Burdick et al., 2008] . To the south this low-velocity feature merges with the low velocities of the Basin and Range province (F-F′ through H-H′), to the north it is sandwiched between the high velocities of the slab and the Columbia River Basalts.
[61] Dueker et al. [2001] interpret the low-velocity anomalies observed at 100 km depth beneath the western U.S. as reflecting the generally thin lithosphere and warm asthenosphere. So far, no specific explanation for these lowvelocity anomalies observed above the Juan de Fuca plate in Oregon has been provided. We propose that these anomalies represent remnant plume head material that flowed up along the slab after breaking it up. This caused the low-velocity zone parallel to and east of the Cascades. These are the highest-amplitude low-velocity anomalies observed in Oregon and they are located where the plume interacted with the slab.
"Slab Gap" South of the Mendocino Triple Junction
[62] The "slab gap" was created and has been growing as the Mendocino triple junction migrated north [Dickinson and Snyder, 1979] . As the southern edge of the Juan de Fuca subduction system (i.e., the Gorda plate) migrates north with the triple junction, asthenospheric material emerges and upwells from beneath. We image the slab gap as a low-velocity anomaly up to 3.7% in DNA07-S and 1.8% in DNA07-P extending from the southern end of the Juan de Fuca (including the Gorda) subduction system to latitude of ∼37°N just south of the San Francisco Bay region (Figure 7) . These low-velocity anomalies are persistent to a depth of ∼400 km in both DNA07-S and -P (Figure 7 and Figure 8 H-H′ and I-I′) and have been previously imaged by [Burdick et al., 2008] .
[63] The low-velocity anomalies are as expected for a slab gap, where the cold oceanic lithosphere is absent and replaced by the relatively hot asthenosphere, resulting in lowvelocity anomalies. These low-velocity anomalies, reaching a depth of ∼400 km, suggest that material is upwelling from depths greater that the thickness of the Gorda slab.
Velocity Contrast Across the San Andreas Fault
[64] The San Andreas Fault system delineates strong velocity contrasts between its two sides. At the northern end of the fault, from Cape Mendocino to the San Francisco Bay region, the high-velocity anomalies up to ∼2.8% in DNA07-S and ∼1.8% in DNA07-P of the Pacific plate are juxtaposed against the low-velocity anomalies >2% in P and >4% in S velocity of the North American plate, as shown in Figure 7 at 100 km depth and G-G′ to I-I′ in Figure 8 . The plate boundary in this region is along the coastline so only rays from the west recorded at the coastal stations provide constraints. As the resolution is reduced greatly near the margin, we are not able to give an estimate of the depth extent of the velocity contrast across the plate boundary.
[65] The fault also divides the high velocities at the southern tip of the Central Valley and Sierra Nevada from the low velocities to the southwest of the California Coast Ranges. As to the north, old oceanic lithosphere is adjacent to continental lithosphere at the southern end of the fault but the oceanic material is to the east and the continental material is to the west. The oceanic lithosphere was subducted beneath the Sierra Nevada and the continental material is a slice that has been moved northward by the motion across the San Andreas Fault.
Volcanic Arcs and the Central Valley
[66] Negative station corrections (Figure 4 ) are observed along the Cascades and Sierra Nevada, indicating the crustal structure is fast which could be due to high velocity or thin crust. The most likely explanation is that these volcanic arcs have cold crystalline roots consisting of the residuals of previous melts. At 100 km depth, fast velocity anomalies are still observed beneath the Cascades in Oregon and northern California, representing the subducted Juan de Fuca plate (Figure 7 ). However, fast velocity anomalies are not observed beneath the Sierra Nevada at 100 km depth due to the absence of any slab and indicating a shallow origin for the positive station corrections beneath the Sierra Nevada, i.e., a shallow depth for the Sierra Batholith. The negative station corrections of the Sierra Nevada contrast with the positive station corrections for the Central Valley indicating a relatively slow crustal structure likely due to the thick pile of sediments that fills the valley.
Salton Trough
[67] A zone of low velocity is observed under the Salton Trough rift valley, extending to a depth of about 200 km (Figure 7) . This zone has a low-velocity anomaly up to 4.3% in DNA07-S and 1.1% in DNA07-P. This is consistent with previous results [Humphreys et al., 1984; Burdick et al., 2008] and the suggestions that small-scale convective upwelling is occurring beneath the rift valley [Humphreys et al., 1984] . The vertical cross section through the Salton Trough anomaly (Figure 8 L-L′) reveals additional lowvelocity features extending to greater depths. How these may relate to the rifting processes extending south through the Gulf of California is unclear as this is the southern edge of our model.
Slow Basin and Range and the High-Velocity Anomaly in Central Nevada
[68] Beneath the whole Basin and Range, a low-velocity perturbation is persistent to a depth of ∼300 km (Figure 7 ). In vertical cross sections through the Basin and Range from F-F′ to I-I′ in Figure 8 , a coherent low-velocity perturbation is observed extending to ∼300 km depth. This anomaly is expected as the whole region is under extension resulting in upwelling of the asthenosphere and a mantle hotter than normal [Humphreys and Dueker, 1994a; van der Lee and Nolet, 1997] . Different causal mechanisms have been proposed for Basin and Range extension including passive and active models. Passive models attribute Basin and Range extension to the stress fields caused by the interaction of the North American, Pacific, and Farallon plates: the coupling of the San Andreas Fault and the Queen Charlotte Fault, separated by the Juan de Fuca subduction system, a remnant of the previous Farallon plate [Christiansen and McKee, 1978] . Active models attribute the causal mechanism to be (1) the North American plate overriding the East Pacific Rise, (2) back-arc spreading, and (3) the Yellowstone hot spot. Base on our observations alone we are not able to discriminate between these models. However, GPS measurements indicate that the Basin and Range is extending at a rate an order of magnitude greater than the Snake River Plain, suggesting that driving forces of Basin and Range extension are beyond those associated with the Yellowstone hot spot [Lerch et al., 2008] . Further, extension directions in the Basin and Range have changed orientation to track the northward migration of the Mendocino Triple Junction. This suggests that the driving forces are realted to stress fields caused by interaction of North American, Pacific, and Farallon plates.
[69] In the center of the Basin and Range low-velocity region we also observe a small high-velocity anomaly beneath central Nevada from 100 km to 300 km depth (Figure 7 ). This anomaly is stronger in DNA07-P, up to 1.8%, than in DNA07-S with an anomaly of ∼0.7%, and can be clearly seen in the vertical H-H′ slice through DNA07-P. While Burdick et al. [2008] also imaged a slow Basin and Range to ∼300 km, this high-velocity anomaly beneath central Nevada is not seen in their images. This anomaly has also been imaged in other body wave tomographic studies [e.g., Humphreys and Dueker, 1994b; Dueker et al., 2001; West et al., 2009] and surface wave studies [Pollitz, 2008; Yang and Ritzwoller, 2008] . The high-velocity anomaly was tentatively interpreted as due to melt extraction [Humphreys and Dueker, 1994b] , or thickened lithosphere [Dueker and Humphreys, 1993; Pollitz, 2008] . West et al. [2009] interpret the anomaly as a downwelling drip of lithosphere. In DNA07-P the shallow (<400 km depth) high-velocity feature connects to a deeper (>400 km depth) high-velocity anomaly to the east (see H-H′, Figure 8 ). While the resolution degrades below ∼500 km depth at this location (see H-H′ in Figure 9 ), the dip of this feature is parallel to similar dipping features in slices from K-K′ up to F-F′. The slablike anomaly is continuous from H-H′ up to at least F-F′ and perhaps E-E′ in DNA07-P and while the anomaly is less slab-like, i.e., less continuous, in DNA07-S, high-velocity anomalies are present in the same locations.
Colorado Plateau and the Rocky Mountains
[70] The Colorado Plateau and the Rocky Mountains are located on the eastern edge of our study region and the resolution is therefore reduced. Both DNA07-S and -P image low-velocity anomalies of >2% P and >4% S velocity to depths of 300 to 400 km beneath the northwest and southwest margins of the Colorado Plateau, at the eastern edge of Basin and Range extension (Figure 7) .
[71] Beneath the western Rocky Mountains high-velocity anomalies are generally observed with the exception of the Yellowstone region and corresponding low-velocity anomaly ( Figure 7 and Figure 8 from A-A′ to F-F′). The contrast across the Wasatch Front is clearly imaged as a transition from the low velocities of the Basin and Range to the high velocities of the Rocky Mountains. We also notice that lowvelocity anomalies exist at the 400 km depth slices in the region where Jasbinsek and Dueker [2007] found lowvelocity layer atop the 410 km discontinuity in the northern Rocky Mountains.
[72] The deformation in the Rocky Mountain foreland and continental interior have been attributed to folding of the entire lithosphere as a result of horizontal end load on the western edge of North America [Tikoff and Maxson, 2001 ]. While we do see high-velocity anomalies beneath the western Rocky Mountains, it is at the eastern margin of our model. The Rocky Mountain Front is beyond the east boundary of our model, as are the Late Cretaceous-Paleogene arches in the foreland region of the Laramide orogeny.
Implications for Mantle Convection Processes: Origin on Yellowstone and the Fate of the Juan de Fuca Slab
[73] The observation that Juan de Fuca subduction system stops at a depth of 400 km supports the tectonic model proposed by Xue and Allen [2007] where the absence of the slab below 400 km depth today is due to the arrival of the Yellowstone plume head around 17 Ma. The plume head would need to break through the slab to reach the base of the North American lithosphere destroying the Juan de Fuca slab at depths greater than the thickness of the continental lithosphere [see Xue and Allen, 2007, Figure 4] . Beneath Oregon, the slab is further disrupted at depths <400 km and has a reduced velocity contrast. The slab shallower than 400 km today had not been subducted at 17 Ma. The Oregon disruption to the slab may be due to lingering melting processes in this region which includes the Newberry volcanism.
The disruption of the slab in Oregon probably explains the absence of deep seismicity (>30 km) in Oregon, an unusual observation for a subduction zone.
[74] The low-velocity zone immediately beneath the Juan de Fuca slab in southern Oregon and northern California has a similar dip to the slab and was interpreted by Xue and Allen [2007] as remnant plume head material being pulled down by the subducting slab after spreading beneath the oceanic lithosphere of the Juan de Fuca plate. An alternative hypothesis is that this material traveled with the Juan de Fuca plate from the Juan de Fuca Ridge. There are also lowvelocity anomalies above the slab in this region which may also represent remnant plume head material that reached the surface when the Yellowstone plume head impacted the North American Lithosphere around 17 Ma. Whatever the causal mechanism is, these strong low-velocity anomalies in Oregon correspond to a region where there is an absence of Wadati-Benioff zone earthquakes. Given that the low velocities most likely represent high temperatures, they may be modifying the frictional properties of the interface and be the reason for the absence of seismicity.
[75] While the state of the Juan de Fuca plate can be explained by the proposed history of the Yellowstone plume, beneath Yellowstone we image no vertical whole mantle plume. Instead we only image a strong low-velocity anomaly down to 200 km depth directly beneath Yellowstone. This low-velocity feature then dips toward the northwest but stops at 500 km depth. There is a strong lowvelocity region directly beneath Yellowstone at the top of the lower mantle, but there is no evidence for low-velocity conduit connecting this feature to the surface. The resolution limit of our data set prevents us from recovering a conduit smaller than 50 km in diameter or a velocity perturbation less than 1.5% for S velocity and 0.75% for P velocity so a thin weak anomaly may remain undetected.
[76] Waite et al. [2006] propose that the low-velocity anomaly dipping to the northwest is the plume conduit. Mantle convection flow models suggest that the conduit could be deformed in the mantle "wind" which could also cause it to segment [Steinberger, 2000] . This is their explanation for the fact that the anomaly appears to stop in the transition zone. Another possibility is that the plume was short lived. A significant amount of plume material may have accumulated beneath the slab before breaking through, and today we only see the weak end of the upwelling anomaly. Alternatively there may never have been a mantle plume. However, we prefer the plume model for western North America for several reasons. The plume model is a single process which explains not only Yellowstone and the Yellowstone track, but also our observations of a broken and disrupted Juan de Fuca slab. He ratio in air) have been observed and is often used to argue for a deep mantle source in the form of a plume [e.g., Dodson et al., 1997] , although this is not uncontested [e.g., Christiansen et al., 2002] . In addition, the Columbia River Basalts are mainly aphyric basaltic andesites with a composition that requires a heterogeneous source involving ocean island basaltic material and recycled oceanic crust [Takahahshi et al., 1998 ]. The suggestion of oceanic crustal material in the source of the Columbia River Basalts is explained by our model of interaction between the Yellowstone upwelling and the Juan de Fuca subduction system. However, we cannot exclude the possibility that the Yellowstone plume interacted with slabs attached to continental lithosphere and therefore captured signatures of oceanic crust.
[77] Low-velocity anomalies beneath the High Lava Plains and along the Newberry track are observed shallower than 150 km depth and have no further continuation deeper into mantle. This supports the interpretation of an upper mantle origin for the Newberry track [Xue and Allen, 2006] . As fast directions from shear wave splitting results do not align with the volcanic progression along the Newberry track, Xue and Allen [2006] concluded that the Newberry hot spot track is not a product of asthenospheric flow, and is more likely a result of lithospheric processes. Even if lithospheric faulting is the cause of the Newberry track, the source region for the melts may still include remnant Yellowstone plume head material. The Newberry track itself, therefore, does not argue for or against the Yellowstone plume hypothesis.
[78] As global-scale velocity models typically do not have the resolution to image structures on the scale of those discussed here [e.g., Bijwaard et al., 1998; Grand, 2002; Marone and Romanowics, 2007] , it is difficult to make a direct comparison. Van der Lee and Nolet [1997] imaged a high-velocity anomaly above 400 km beneath Cascadia, but they do not image this high-velocity anomaly extending down into the transition zone. This is in contrast to the clear evidence for the Farallon slab in the transition zone to the south of Cascadia where a continuous high-velocity anomaly is observed from northern California to central America. While the resolution in van der Lee and Nolet's model is poorer beneath Cascadia than other parts (van der Lee, personal communication, 2005) , their observations are consistent with our interpretation of a hole in the slab. For the Yellowstone region, a northwest slice through the global model S20RTS [Ritsema and Allen, 2003 ] also show a weak low-velocity anomaly beneath the transition zone at Yellowstone [Christiansen et al., 2002] .
[79] The imaged heterogeneous structure down to 1000 km depth suggests that the lower mantle may not as homogeneous as we previously thought, and mantle heterogeneity introduced by surface plate tectonics such as subducted slabs may not be constrained to the upper mantle or digested completely in the upper mantle. We find no evidence for separation of a heterogeneous upper mantle from a homogeneous lower mantle. This would support the hypothesis of whole mantle convection.
Conclusions
[80] Perhaps one of the most striking observations from DNA07-S and -P are just how heterogeneous mantle structure is beneath the western United States. Despite this heterogeneity, there is a very strong correspondence with the complicated tectonics of the region. The main features of the velocity models and their implications are:
[81] North of the Mendocino Triple Junction:
[82] 1. The Juan de Fuca subduction system stops at ∼400 km, and is disrupted in Oregon, which we interpret as being due to interaction with the Yellowstone plume head.
[83] 2. West of the Cascades the forearc is imaged as a low-velocity zone beneath the Coastal Ranges with the strongest velocity anomaly beneath the Olympic Mountains and northern California.
[84] 3. East of the Cascades and above the Juan de Fuca slab a north-south trending low-velocity zone is imaged from southern Washington to northern Nevada.
[85] 4. A high-velocity region is imaged from central Washington, through northern Oregon, and into Idaho. Beneath Washington the anomalies reach 250 to 300 km depth and deeper, extending to ∼400 km, beneath the Wallowa Mountains of northeast Oregon. These are likely due to a combination of a cold and thick lithosphere and melt extraction during the eruption of the Columbia River Basalts.
[86] 5. The low-velocity anomaly beneath Yellowstone dips toward the northwest and stops at 500 km depth.
[87] 6. A shallow low-velocity zone to ∼200 km depth lies beneath the eastern Snake River Plain and does not appear connected to a deeper low-velocity zone at the top of the lower mantle.
[88] 7. We do not detect a low-velocity conduit reaching greater that 500 km depth beneath Yellowstone implying that either (1) any plume was short lived or (2) the conduit is <50 km in diameter and/or the velocity perturbation is less than 1.5% for S and 0.75% for P and therefore unresolved; or (3) there was no deep mantle plume. We prefer the shortlived plume model as it best explains many of the imaged features the Pacific Northwest.
[89] 8. There are only shallow low-velocity anomalies (<150 km depth) along the Newberry hot spot track indicate no deep source.
[90] South of the Mendocino Triple Junction:
[91] 1. In California the high velocities of the Pacific plate are imaged abutting against the low-velocity North American plate.
[92] 2. We image the "slab gap" as low-velocity anomalies extending to 400 km depth from the southern end of the Juan de Fuca subduction system to the southern end of the Sierra Nevada. These anomalies are particularly strong just south of the Mendocino Triple Junction.
[93] 3. High-velocity bodies are imaged beneath the southern tip of the Central Valley/Sierra Nevada and the Transverse Ranges with dips to the east. These may be part of a fossil Farallon subduction system.
[94] 4. The Basin and Range is a region of low velocities to a depth of ∼300 km. In the middle of the Basin and Range, in central Nevada, a high-velocity feature is imaged extending to 300 km depth.
[95] 5. A zone of low velocity is observed to 200 km depth under the Salton Trough consistent with ongoing rifting and small-scale convection in the region.
[96] While the upper ∼400 km of the DNA07 models correlate well with surface tectonics and geologic provinces, the deeper structure (400-750 km) is equally complex and not easily explained in terms of either existing geologic or geodynamic models. Their further investigation is therefore warranted.
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